River delta degradation has been caused by extraction of natural resources, sediment retention by reservoirs, and sea-level rise. Despite global concerns about these issues, human activity in the world's largest deltas intensifies. Harbour development, construction of flood defences, sand mining and land reclamation emerge as key contemporary factors that exert an impact on delta morphology.
Introduction
River deltas are landforms subject to the dynamic forcing by terrestrial input of water and sediment. With the exception of lacustrine deltas, located where a river debouches in a lake, most river deltas are also exposed to marine processes generating tides, wind waves, storm surges and mean sea-level variations. Human activity and the impacts of climate change on river discharge and mean sea-level cause many deltas to be in a state of rapid transition, showcasting the Anthropocene era 1 . Worldwide, deltas are sinking as a result of the extraction of water, oil and gas from the subsurface 2 . Embankment of delta channels and the construction of dams in the hinterland prevent natural aggradation of delta plains, which could mitigate delta lowering 3, 4, 5 . Herein, a delta plain is defined as the region bounded by the delta coastline and the landward limit where tides have become extinct.
Awareness of the associated flood risk leads to the building of storm surge barriers and flood adaptation measures, rather than human abandonment. Even in flood prone coastal environments, such as the Rhine-Meuse Delta in The Netherlands, the Pearl Delta in China and the Ganges-Brahmaputra Delta in Bangadesh, substantial land reclamation occurs, navigation channels are deepened to allow larger vessels, and sand mining takes place to collect building material 6, 7, 8 . Harbour development and the need to transfer the river discharge to the coastal ocean prevent the complete closure of deltas. Therefore, even in strongly human-controlled deltas, marine influences such as tides penetrate into the channel networks behind sea defense structures, and act to reshape the delta morphology.
In pristine environments, delta planform characteristics reflect processes dominating channel network evolution over the past six to eight thousand years 1 . Delta channel topology encrypts information about sediment composition and the relative importance of river dynamics, tides and waves. Deltas need centuries rather than decades to adapt to rapid human induced change. Consequently, a mismatch may occur between contemporary delta morphology and the ongoing sedimentary processes. Due to sediment depletion and relative sea-level rise, deltas can become overrun by marine processes. When wave forcing dominates over tides, the delta retreat in response to sediment depletion can be qualitatively estimated, based on the ratio of fluvial sediment discharge and the maximum possible wave-driven sediment transport along the coast 9 . When tides dominate over wave forcing, the development of a delta under reduced fluvial sediment input is complicated by the various ways in which tides interact with the river discharge 10 . Here we review recent insights into tidal controls on river delta morphology, discuss morphodynamic modelling approaches, and offer a view on the lagged response of deltas to human activity.
Tidal fingerprints on deltas
Tides add complexity to delta formation, by modulating the river flow in a transition zone where an upstream fluvial regime merges into a marine environment 11, 12 .
A tide-influenced delta landscape is characterized by elongated islands separating the distributary channels, and a coastline showing high rugosity 13, 14, 15 . The
Ganges-Brahmaputra-Jamuna (GBJ) Delta can be viewed as the world's most extensive tide-influenced delta, and has recently been subject to a systematic planform analysis 16 . The tidal region of the GBJ delta is characterized by high channel density, absence of oxbow lakes and a small island shape factor, defined as the ratio of wetted perimeter and the square root of island area. This results in the formation of mouth bars on opposite sides of a central channel, creating a trifurcation such as visible in the Suwanee Delta, the Kapuas Delta and the Fly Delta (Fig. 2 ).
[ Figure 2 Applying results obtained for tidal inlets, salt marshes and single-thread tidal channels to branching delta channels is hampered by the lack of a firm theoretical basis for many of the existing empirical relations 58 . In addition, a delta subject to sediment accumulation and sea-level oscillation is by definition out of equilibrium, and different parts of the delta can display contrasting equilibrium or disequilibrium states. Yet with an a priori choice of the temporal and spatial scales over which the equilibrium is analysed, the equilibrium concept can have practical use in analyzing delta stability 58 . Adopting the spatial scale of the delta as a whole, and a time scale of several decades, delta growth can be neglected and sea level be considered constant.
A formal equilibrium for tidal channel morphology has only been found adopting rigorous simplifications, from one-dimensional analytical or numerical models 59, 60 . These idealized models are of conceptual relevance and provide a basic understanding about how tides increase the tide-average sediment transport capacity in case of uniform sediment. During low river discharge, tidal channels are typically flood-dominant, importing sediment from the mouth bar region. During high river discharge, sediment export prevails, caused by the higher sediment transport capacity, tidal attenuation, and reduced tidal deformation in larger water depths. In case of a near-equilibrium, sediment import during low flows balances sediment export during high flow over a seasonal cycle (Box 1).
[ Figure observed delta planform can be reproduced, but the state-of-the-art models do adequately predict characteristic channel-shoal patterns within a predefined modeling domain 63, 64, 65, 66, 67, 68 , as illustrated in Fig. 3 . These models typically simulate bedload rather than suspended load sediment transport, which likely affects the number and shape of distributary channels. Analytical studies addressing 2D developments are scarce, and fundamental understanding of how 2D channel-shoal patterns form often applies best to isolated channel-shoal systems 69 . Long-term morphodynamic model runs rarely converge to a quasi-steady channel morphology.
The lack of a theoretical basis for the concept of morphological equilibrium is a serious obstruction in modelling tide-dominated deltas. Morphological simulations starting with a measured bathymetry as an initial condition generally suffer from substantial spin-up phenomena, because of inconsistencies between the initial condition, the simplifications used to generate boundary conditions, and the complexity reduction approaches inherent to the adopted model. These spin-up effects in delta environments may last for decades, because of the long characteristic timescales for morphological evolution in alluvial domains with small bed slopes.
The latter follows from a classical diffusion-type bed evolution equation 70 While closing the gap between the empirical knowledge and the process-based morphodynamic models is a major challenge for fundamental research 76 , hybrid approaches exist that combine empirical relations for morphological equilibrium with a process-modelling framework in which the sediment balance equation is aggregated in space and time 77, 78, 79, 80, 81 . In aggregated models, the formulation of sediment exchange between the channel bed and the water column is crucial.
The rate of erosion or deposition is coupled to the difference between the actual morphological state and local equilibrium conditions. The exchange formulation is such that the simulated morphological state converges to an equilibrium satis- (Fig. 4) . In the Pearl River Delta, land reclamation is the most significant factor that progressively alters delta morphology, overwhelming the effects of subsidence and reduction of sediment supply 7 . Embankment of the intertidal areas adjacent to a tidal channel alters the relation between tidal prism and cross-section area, disrupting the morphological equilibrium that may be present prior to land reclamation 94 .
[ Figure 5 about here.]
The disequilibrium between tidal prism and cross-section area in a delta subject to anthropogenic change can become manifest as the formation of scour holes ( The interpretation of bathymetric change can be complicated by dredging and sand mining. In the Pearl River Delta, sand mining for construction purposes is considered the primary reason for channel bed degradation 99 . Similarly, sand mining is current practice in the Mekong Delta, where it forms the main cause of recent morphological changes leading to bank erosion 100 . In all the examples discussed above, the assessment of instability is largely qualitative and subjective.
There is a need for quantitative metrics that can be used to objectively assess the degree of instability.
The evolution of an eroding tide-dominated delta is conceptually more complex than delta progradation, which can be understood from the pathways of sed-iment from river source to the sinks in the delta. Processes of compaction, mixing of sands with clay and the influence of peat layers complicate the prediction of erosion. Holocene channel bed reconstructions can be used to quantify erosion resistance and estimate the risk of scour, which can be seen as a first step towards the prediction of channel incision. Scour hole formation presents a challenge to existing models simulating the dynamic feedback between flow, sediment transport and morphology, as the flow in a bathymetric depression is typically strongly three-dimensional. This flow complexity invalidates the common assumption of a hydrostatic pressure distribution adopted in most morphodynamic models 101 .
Channel incision amplifies the tidal motion and may amplify the import of finegrained coastal sediment, reinforcing a high turbidity regime peaking in an Estuarine Turbidity Maximum (ETM). In the context of dredging of navigation channels in deltas, ETMs have often been associated with sediment accretion, yet the link between ETMs and delta evolution at geological timescales has remained largely unexplored to date. For example, the Fly Delta accommodates an ETM 102 that is ignored by a recent study that focused on long-term morphodynamics 17,18 . ETM dynamics is strongly dependent on density gradients at the fresh to salt water interface, which introduces another reason for a more advanced modelling approach.
Anticipating the effects of sea-level rise, sediment depletion, the construction of storm surge barriers, and channel deepening on tide-dominated deltas calls for combining quantified erosion resistance from geological records with a new generation of morphodynamic models.
Conclusion
Tides can exert a strong control on delta morphology. Despite the active morphological processes in distributaries and mouth bar regions in tidal deltas 15, 32 , recent research suggests that tides may act to stabilize the delta planform, provided that near-equilibrium conditions are prevalent at the landscape scale. The rates of meander migration in tidally-influenced distributary channels are relatively low 87 , which can be explained from the reversing flow reducing the point bar push effect 90 held responsible for meander migration 91 . Tides can reduce the asymmetry in the division of discharge over distributary channels in deltas 25, 103 . When a distributary splits into a larger and a smaller channels, the larger channel will be subject to stronger tides, and receive a larger share of the river discharge. The interaction between river discharge and the tidal motion may counteract the gradual abandonment of smaller channels, as often observed in river delta distributaries with limited tidal motion. Inside a delta, the river discharge does not often cause inundation, because the river flow attenuates the tide. With weaker tides, the channel capacity is sufficient to accommodate a high discharge, which may cause inundation in the upstream reaches, prior to reaching the delta. Flood frequency maps of the Mekong and Ganges-Brahmaputra catchments show that the tidal deltas in these catchments are less frequently flooded than the plains adjacent to the corresponding upstream river reaches 93 , which suggests that formative bankfull discharge conditions will also occur less frequently. Recent research in the Kapuas delta plain confirms that the distributary channel planform is more stable than the planform of the river that feeds the delta 29 . Human interventions in deltas, such as storm surge defenses, disrupt the dynamic delta equilibrium, which may result in severe scour as it is occurring in the Rhine-Meuse Delta 98 .
[ A morphological equilibrium can be defined as a state in which erosion nor deposition occurs in a geophysical surface flow with active sediment transport. In a dynamic morphological equilibrium, erosion and deposition balance when averaged over a long enough time span. At any place in an equilibrium system, the gradient of the mean sediment transport vector balances the external sources and sinks.
In a tide-dominated delta, the key elements controlling this balance can be con- 
In a first order approximation, sediment transport in the channel S r can be considered proportional to u 3 t 104 :
The mean sediment transport at any location in the channel then proceeds from the average over a tidal cycle of period T :
The three components contributing to S m are S r , which is directed seaward and mainly controlled by the river discharge, S rt , quantifying how tides enhance the sediment carrying capacity of the seaward residual flow and S t , representing the transport by tidal asymmetry, typically directed inland. The tidal asymmetry term represents the contribution by differences in maximum velocities between ebb and flood, exerting a strong control on residual sediment transport during periods of low river discharge. During low river discharge, distributaries are typically flooddominant because of tidal asymmetry. S t then dominates over the sum of S r and S rt , resulting in accumulation of sediment in the delta. High river discharges attenuate the tide, and cause the tidal flow cycle to become more symmetrical.
The sum of S r and S rt then dominate over S t , by which much of the sediment accumulated during low flow is washed out again. Under equilibrium conditions, the sediment import during periods of low-flow balances the export during high flows.
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The river-dominated part in the planform of a delta can often readily be distinguished from the tide-dominated part. This is here illustrated for the Mahakam Delta in Indonesia 25 . The arc in the figure corresponds to a break in scaling behavior of channel depth, width and the ratio between tidal and fluvial discharges, which splits the distributary channels into parts where the river discharge dominates the channel morphology (dark blue) and parts where the tidal discharge is dominant (purple In a predefined modeling domain, subaqueous patterns of channels and shoals can be predicted. This is here illustrated for an idealized setting under combined river and tidal forcing The river-dominated part in the planform of a delta can often readily be distinguished from the tide-dominated part. This is here illustrated for the Mahakam Delta in Indonesia 25 . The arc in the figure corresponds to a break in scaling behavior of channel depth, width and the ratio between tidal and fluvial discharges, which splits the distributary channels into parts where the river discharge dominates the channel morphology (dark blue) and parts where the tidal discharge is dominant (purple). Tidal meanders that receive insignificant river discharge are in red. 
